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ABSTRACT
This thesis presents a series of three related studies with the aim of developing a surface
that promotes robust dropwise condensation. Due to their remarkably low droplet
adhesion, superhydrophobic surfaces were investigated for application to dropwise
condensation. Although precise model superhydrophobic surfaces were necessary to gain
insight into these phenomena, it was recognized that wide-scale implementation
necessitates a surface that can be mass-produced at an industrial scale. To this end,
anodized metal oxide surfaces were pursued as candidate condenser materials.
First, a study was performed to determine the precise conditions leading to the transition
between wetting and non-wetting states. By depositing pendant drops of various sizes on
a superhydrophobic surface and observing their wetting behavior, a hitherto unknown
mechanism for wetting transition is reported. A new phase diagram was developed which
shows that both large and small droplet can transition to wetted states due to the new
deceleration-driven and the previously-known Laplace mechanisms. It is shown that the
attainment of a non-wetted superhydrophobic state is more restrictive than previously
thought.
Second, we investigate the large-scale fabrication of superhydrophobic surfaces via two
different methods: solvent-induced crystallization of a thermoplastic polymer, and anodic
oxidation of aluminum. Although the polymer surface as not able to withstand the high
temperatures seen during condensation, the applicability of the anodized metal surface to
dropwise condensation was further investigated.
Third, to replicate the conditions of a typical power plant or desalination plant, an
apparatus was constructed that condenses steam at pressures below 1 atm. It employs a
vacuum chamber in which a surface is exposed to saturated steam at various pressures.
The rig design and operating principles are explained, and the results of condensation
tests on superhydrophobic anodized metal oxide surfaces are presented. It was found that
although the metal oxide surfaces were able to resist wetting of macroscale droplets, they
suffered from non-preferential nucleation and droplet growth. This led to the eventual
growth of a macroscale Wenzel droplet, which proved to be difficult to shed from the
surface.
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Introduction
1 Introduction
This thesis presents a series of three related studies with the aim of
developing a surface that promotes robust dropwise condensation. From the
initial nucleation of a nanoscale liquid droplet to the growth, coalescence, and
eventual removal of a macroscale drop, these studies attempt to address the
various phenomena of dropwise condensation at multiple length scales. Due to
their remarkably low droplet adhesion, superhydrophobic surfaces are
investigated for application to dropwise condensation. Although precise model
superhydrophobic surfaces are necessary to gain insight into these phenomena, it
is recognized that wide-scale implementation necessitates a surface that can be
mass-produced at an industrial scale. Stemming from principles in an array of
fields including heat transfer, surface science, and chemistry, surfaces are
developed with methods that lend themselves to large-scale production, and then
characterized in their aspects of wettability and condensation heat transfer. An
apparatus is designed and constructed which serves as a test bed for carrying out
condensation experiments under conditions typically seen in industrial surface
condensers.
1.1 Motivations at the Global Scale
There is need for a drastic shift in the way we produce and consume energy
and water. With implications to climate change and national security, these
issues are now at the forefront of attention for a growing number of researchers.
Although much of this attention is turned to the generation of energy from
renewable sources, there remains a massive benefit to be gained from improving
the overall efficiency of current energy generation processes.
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1.1.1 Energy Generation
Of a global install base of 4000 GWe that is set to double by 2030, 50% of
that energy is produced by steam power cycles.1 These steam cycles rely on
massive surface condensers to produce low pressures and temperatures at the
outlet end of the steam turbines. The lower the pressure and temperature of the
condenser, the higher the overall plant efficiency. However, these surface
condensers are typically constructed from titanium tubes. Condensation on these
tubes occurs in a filmwise mode, which effectively creates an insulating layer of
liquid around the metal pipe (Figure 1-la). If the mode of condensation could be
changed to the dropwise mode (Figure 1-1b), the heat transfer coefficient has
been shown to increase by up to a factor of more than 10.2 If this can be achieved,
then overall plant efficiency increases of up to 5% may be attained, which
translate into an overall energy savings of 100 GWe/yr.
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Figure 1-1. Thermal resistances encountered during (a) filmwise and (b) dropwise condensation. The
constant removal of droplets in the case of dropwise condensation has the effect of adding a parallel
resistance due to convection, which serves to lower the overall resistance between surface and vapor
temperatures.
The object of this thesis is then to develop a surface that promotes dropwise
condensation. Many approaches have been tried since ca. 1960, including
promoter layers of gold, polymer, or other thin films. These approaches were
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either prohibitively expensive, or were found to degrade after a period of time.
Thus, it is imperative that any condensing surface be analyzed with regards to
durability and long service lifetime.
1.1.2 Desalination
The problem of global water consumption is expected to become more
critical than the problem of energy generation by 2030. Approximately 12% of
the world's population has limited access to fresh water, and this number of
people in these areas is expected to increase to 1.8 billion by 2015.3 If this crisis is
to be averted, there needs to be a massive increase in the amount of fresh water
produced. For a majority of the populations living in water-stressed areas, this
need can be met by desalination.
e.. e4 ---- .. T.
Figure 1-2. Schematic of multistage flash desalination plant and temperature profiles.4 All three sections,
heat input, recovery, and rejection, utilize large surface condensers. In the case of the heat recovery section,
the condensers are operated at pressures below atmospheric.
The majority of desalination plants are of the thermal variety. Multi-stage
flash (MSF, Figure 1-2) and multiple-effect distillation (MED) plants constitute
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the largest portion of the thermal subset of desalination plants, and rely on
condensers to produce potable water from vaporized seawater. Similarly to the
case of condensers in power plants, the overall system efficiency of these
desalination plants would be enhanced by condensing in the dropwise mode.'
1.2 Experimental Investigations
Due to its inherent multi-scale nature, it is prudent to approach the
problem of dropwise condensation from multiple perspectives. This thesis is
composed of three experimental investigations, each of which represents an
important aspect in the development of a surface that promotes robust dropwise
condensation.
1.2.1 Wetting and Adhesion
To enable rapid droplet shedding, it is necessary to reduce the adhesion
between the droplet contact line and the condensing surface. This has been
accomplished by employing a superhydrophobic surface on which the droplet
rests in a non-wetting state. This non-wetting state can only be accomplished
when the wetting forces of the drop, either due to gravity, impact, curvature, or
some other external force, are less than the anti-wetting forces due to capillarity.
A systematic study is performed to determine the precise conditions leading to
the transition between wetting and non-wetting states. By depositing pendant
drops of various sizes on a superhydrophobic surface and observing their wetting
behavior, a hitherto unknown mechanism for wetting transition is reported. A
new phase diagram is developed which shows that both large and small droplet
can transition to wetted states due to the new deceleration-driven and the
previously-known Laplace mechanisms. It is shown that the attainment of a non-
wetted superhydrophobic state is more restrictive than previously thought.
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1.2.2 Scalable Superhydrophobic Surfaces
Although superhydrophobic surfaces offer great promise as candidate
materials for use in industrial condensers, they are limited by their often
complicated and expensive fabrication. A typical superhydrophobic surface is
composed of a hierarchy of roughness features at both the nanoscale and
microscale levels. These features have previously been generated by a wide array
nanofabrication techniques, ranging from photolithography to colloidal self-
assembly. This work investigates the large-scale fabrication of superhydrophobic
surfaces via two different methods: solvent-induced crystallization of a
thermoplastic polymer, and anodic oxidation of valve metals. Both are massively
parallel techniques that may be scaled up to large areas, and are in fact merely
extensions of existing manufacturing processes. Although the polymer surface is
not able to withstand the high temperatures seen during condensation, the
applicability of the anodized metal surface to dropwise condensation is further
investigated.
1.2.3 Macroscale Dropwise Condensation
To maximize the AP, and thus efficiency, of a power or desalination plant,
the surface condenser is operated at the lowest possible pressure. In a typical
industrial surface condenser, this can be as low 1 psia.4 -6 To replicate the
conditions of a typical power plant or desalination plant, an apparatus was
constructed which condenses steam at pressures below 1 atm. It employs a
vacuum chamber in which a surface is exposed to saturated steam at various
pressures. By measuring the heat flux and surface subcooling, we are able to
directly calculate the condensation heat transfer coefficient. The rig design and
operating principles are explained, and the results of condensation tests on
superhydrophobic anodized metal oxide surfaces are presented. It is found that
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although the metal oxide surfaces are able to resist wetting of macroscale droplets,
they suffer from non-preferential nucleation and droplet growth. This leads to the
eventual growth of a macroscale Wenzel droplet, which proves to be difficult to
shed from the surface. The performance of the apparatus is evaluated, and
modifications and enhancements are proposed.
Macroscale Wetting and Adhesion
2 Macroscale Wetting and Adhesion
2.1 Introduction to Wetting and Superhydrophobicity
The earliest known studies of wetting were carried out by Galileo when he
observed that a material denser than water, such as small piece of metal, float
when carefully placed on the surface of water. This phenomenon arises because of
the surface tension of water, which provides a force at the contact line
surrounding the floating object. A greater understanding of wetting was
developed by Thomas Young in 1805 when he developed a model of the contact
line of a spherical cap drop.7
Vapor Liquid
Solid Strain field
Y7 7 Acos
b
Figure 2-1. Young's model of wetting. (a) Sessile drop of liquid on a solid, showing the strain field in the
solid under the three-phase boundary. (b) Complete resolution of forces about a three-phase line, including
the component y, sin 0 that corresponds to the strain field.'
Young's model is simply a two-dimensional force balance at the contact line
of a droplet (Figure 2-1). It relates the three principal interfacial energies: the
liquid-vapor interfacial energy y,, the liquid-solid interfacial energy y,, and the
vapor-solid interfacial energy y,. It is assumed that a strain field residing below
the contact line balances the vertical forces due to ylv. A horizontal force balance
at equilibrium at the three-phase contact line yields Young's equation:
15
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Ysv - Ysi + Yiv COS 0e Eqn. 2-1
If the equilibrium contact angle 0,, also referred to as the chemical, intrinsic,
or Young's angle, lies between 0' (completely wetting) and 90*, the surface is
considered to be hydrophilic. Conversely, if this angle lies between 00 and 1800
(completely non-wetting), the surface is considered to be hydrophobic. In the
extreme limits of complete wetting, when ysv > ys, + yiv , COS 6e = 1.8 Complete
wetting can be achieved easily (most light oils on most solids), but complete de-
wetting is never observed. On a smooth surface, the maximum contact angle is
typically no more than 120'.9
Young's equation dictates that the equilibrium contact angle is fixed for a
given solid-liquid pair, and is dependent on y, the free energy per unit area, or
the force per unit length. For water at 25C, this quantity is equal to 0.072 J/m 2.
Most other liquids have much lower surface tensions, e.g. most hydrocarbons
have surface tensions less than 0.025 J/m 2. Most solids possess free surface
energies that are much larger than water. Metals such as aluminum and copper
have surface energies of 1.14 and 1.78 J/m 2, respectively.10 This explains why
water will spread to low contact angles on such surfaces. Conversely, on a
material with low surface energy such as polytetrafluoroethylene (PTFE, or
Teflon®), with free surface energy of 0.020 J/m 2 , water will form nearly spherical
droplets.
Although Young's equation holds for a theoretical "smooth" surface, this
assumption is in practice impossible to obtain. Heterogeneities will inevitably
exist, whether due to roughness or chemical imperfections of the surface. Most
surfaces are rough at the microscale and nanoscale. Even polished silicon wafers
cannot be made perfectly smooth. These heterogeneities, both physical and
chemical, can act as pinning sites for the contact line of a droplet. A moving
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contact line, when encountering such a defect, can assume a contact angle that
may be higher or lower than 0 ,. Thus it is necessary to define an advancing angle
6a and a receding angle 6 ,. The advancing angle 0, is simply the maximum
observed contact angle attained by a drop, whereas the receding angle is the
minimum observed contact angle attained by a drop. The difference in the two
angles, 6a- O,, is the contact angle hysteresis (CAH). The ease at which a drop
may roll off a surface is dictated by CAH, where a larger CAH will result in a
drop that is more difficult to shed.
2.1.1 Wenzel and Cassie Models
In addition to affecting the dynamic rolloff of a droplet, the surface
roughness also plays a large role in the static behavior. The apparent contact
angle of a droplet on a surface relies greatly on the wetting state of the droplet.
The two most common models of wetting states are Wenzel" and Cassie-Baxter"
(CB). In the Wenzel state (Figure 2-2), the surface possesses a texture consisting
of roughness features that impale the droplet. In this state, the droplet may
possess a high contact angle, but it will be highly pinned. The differential change
in surface energy dE as the contact line moves a distance dx is given by
dE = r(ysi - ys,)dx + y, cOS 0* Eqn. 2-2
where r is the roughness factor. In the limiting case that r=O, a minimization of
Eqn. 2-2 yields Eqn. 2-1. For all non-zero values of r, the apparent contact angle
is modified according to the Wenzel relation:
cos 0* = r cos 6, Eqn. 2-3
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Liquid Vapor
Solid
Figure 2-2. Schematic of the Wenzel model of wetting. Liquid completely wets the roughness features. A
contact line being displaced by a distance dx will wet a distance of the surface greater than dx due to the
wetting of the roughness features.
According to this relation, any roughness will enhance a surface's intrinsic
wettability. A moderately hydrophobic solid (G, > 900) will become more
hydrophobic (6*> 0e), and a moderately hydrophilic solid (0, < 900) will become
more hydrophilic (6* < Ge). Due to the pinning of the receding contact line, a
Wenzel droplet usually displays very high hysteresis and is difficult to shed.
Alternatively, a surface that can maintain a drop in a CB state is considered
to be superhydrophobic. Many natural surfaces, including lotus leaves, water
striders, and butterflies, possess roughness features and intrinsic wettabilities that
take advantage of the CB state. In this state, also referred to as a "fakir" state,
the roughness factor is so great that the droplet resides on top of the defects and
sits on a composite interface of solid and air (Figure 2-3).
dx
Liquid Air
6*
Solid
Figure 2-3. Schematic of the Cassie model of wetting. The droplet sits on a composite interface of
solid/vapor, and a displacement of the contact line by a distance dx creates both liquid/vapor interfaces and
liquid/solid interfaces.
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If the liquid/vapor interfaces between the roughness features are assumed to
be flat, then the drop will wet a total solid area proportional to (r - #P,) and a
vapor pocket area proportional to (1 - q5,), where < is the surface fraction
projected onto the bottom surface of the drop. In this case, the differential
change in surface energy dE as the contact line moves a distance dx is given by
dE = #ks(ysi - ysv)dx + (1 - #bs)yivdx + yivdx cos 6* Eqn. 2-4
A minimization of Eqn. 2-4 gives the Cassie-Baxter relation:
Cos 6* = (1 - #P/Cs) cos - 1 Eqn. 2-5
As an example, a surface which has an intrinsic contact angle of 120' and a
surface ratio of less than 10% will yield an apparent CB contact angle of 160'-
1700. This extremely high apparent contact angle is accompanied by very low
hysteresis, at times immeasurably so. However, this state is only metastable.
When subjected to sufficiently high pressures, the drop may transition from the
non-wetted CB state to the wetted Wenzel state.
2.1.2 Cassie-Baxter - Wenzel Transitions
The robustness of the CB state is the focus of this study. For the droplet to
remain in the CB state, the transition-inducing wetting pressures must be less
than the anti-wetting pressure, which is the capillary pressure in the case of a
textured surface. A generalized expression for the capillary pressure of a prismatic
array of pillars is given by"
a? cos Eqn.2-6
A
where a is the liquid surface tension, ? is the solid-liquid contact perimeter of a
single pillar, Oa is the advancing contact angle, and A is the liquid-vapor
interfacial area in a single unit cell. One mechanism by which a drop may
transition from the CB to the Wenzel state is by the well-known Laplace
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mechanism. In this case, the pressure within the drop is increased as the drop
becomes smaller (e.g. evaporation) due to curvature forces. When the curvature
becomes sufficiently small, the Laplace pressure becomes greater than the
capillary pressure and a Laplace transition is initiated.
There are two other common mechanisms by which high pressure of the
liquid can induce a transition from the CB to Wenzel state: a depinning
mechanism and a sag mechanism."-" Although we assumed that the liquid/vapor
interfaces between the roughness features were flat, a sufficient increase in the
pressure of the drop will cause these interfaces to bulge. If this displacement is
large enough to contact the base of the surface between the roughness features,
the drop will then proceed to fully wet the surface and cause a sag transition to
the Wenzel state. Alternatively, even if the roughness features are tall enough to
keep the sagging interface away from the bottom of the surface, the local contact
angle at the edge of the sagging interface may be large enough to surpass the
advancing contact angle. If this happens, the interface is able to proceed down
the roughness features and eventually come into contact with the substrate, a
case that is referred to as a de-pinning transition.
Another transition mechanism was implicated by Yoshimitsu et al.18 in
which gravity causes larger droplets to transition to a Wenzel state. This result is
the opposite of that predicted by the Laplace pressure-induced transition. This is
surprising because the water droplets used in their experiments were only 1-12
mg, where gravity is not expected to play a dominant role during deposition.
Usually, gravity is expected to be comparable to or larger than the surface
tension forces for water droplets with diameters larger than the capillary length
4 = -/pg Eqn. 2-7
which for water is 2.7 mm, giving a drop mass of 82 mg. It has remained unclear
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if these data are repeatable or, if repeatable, the details of the transition process
are unclear. One of the purposes of this study is to revisit this issue of gravity-
based transition at sub-capillary lengths.
2.2 Wetting Transition Studies
In the current study of wetting transition, we use two different methods of
depositing droplets on a substrate. It is found that if deposited quasistatically,
which will be elaborated in further, a CB droplet does not undergo gravity-driven
transition to a Wenzel state. However, when a pendant drop is deposited to form
a sessile drop, transition is induced. The causes of this transition will be
explained based on a new deceleration-driven mechanism. This mechanism has
broader implications to droplet impact, wetting on vibrating surfaces, and
wetting in ink-jet printing.
(b) 1mm
Figure 2-4. (a) Scanning electron microscope (SEM) image of 10 Pm tall posts with width 10 pim x 10 pm
etched into a silicon wafer. (b) A 150 pL CB droplet on a 75 pm spacing substrate. (c) A 500 pL CB droplet
on a 40 pm spacing substrate, deposited quasi-statically. The edge of the square substrate is 2 cm.
2.2.1 Experimental Methods
The wetting experiments reported here were conducted on superhydrophobic
surfaces consisting of arrays of 10 im square posts, shown in Figure 2-4a. The
silicon micropillar arrays were fabricated via standard photolithography
21
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procedures. The posts were etched via deep reactive ion etching (Surface
Technologies Systems Inductively Coupled Plasma etcher) and coated with a thin
layer of fluorosilane (tridecafluoro-1,1,2,2, tetrahydrooctyl-trichlorosilane, Sigma
Aldrich) by vapor-phase deposition. The advancing contact angle of water on
smooth fluorinated silicon was measured using a goniometer (ram6-hart Model
590 Advanced Automated) to be 1200 ± 3'. The array of square posts produced
superhydrophobic surfaces whose capillary pressures P, are given by
P C - ( - 4 c o s 60 ,E n -
C a _(1+b/a)2 -I En.2-8
where a is the post width and b is the spacing between posts. The wetting
experiments were performed with various droplet volumes using two deposition
methods. The wetting transition was detected by a dramatic decrease in contact
angle and increase in droplet adhesion. Droplet volume was controlled with an
automatic dispensing system (ram6-hart Automated Dispensing System) having a
volume step resolution of 20 nL. In the first deposition method, to approximate a
quasi-static deposition, droplets were deposited onto surfaces with post spacings
ranging from 40 pm to 75 pm using a 30-ga stainless steel needle so as to
minimize the adhesion forces of the needle. After forming a stable CB sessile
droplet on the textured substrate, its volume was increased at a rate of 0.2
iL/sec. The needle was not detached from the droplet. As the volume of these
CB droplets increased, no transition was observed even as the droplet volumes
surpassed 500 pL (500 mg). The droplets seen in Figure 2-4b,c provide
unambiguous evidence that a gravity-based transition is not observed even for
droplets much larger than the critical mass of 82 mg, where gravitational and
surface tension forces are of the same order of magnitude for water. These results
are contrary to the observations of Yoshimitsu et al.18
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The second method is based on "gentle" deposition of a droplet on the
surface. To obtain a sessile droplet, it is necessary to detach a pendant droplet
from the dispensing needle. The droplet deforms due to the adhesion forces of the
needle, which scale with needle diameter. Different needle sizes were selected so
that pendant droplets would detach at volumes ranging from 7 PL to 90 PL.
After forming a pendant droplet that is slightly smaller than the detachment
volume, the droplet was lowered as close to the substrate as possible to be
detached by further addition of volume, which results in necking at the top of the
droplet and subsequent detachment onto the substrate. Substrates with different
post spacings (edge-to-edge), ranging from 4 0pm to 100pm, were used in the
experiments.
2.2.2 Results and Discussion
As shown in Figure 2-5, it is apparent that large droplets did not transition
on 40 pm spaced posts; even droplets with volumes of 75 pL remained in the CB
state. Only when a droplet was evaporated below its critical Laplace transition
volume (0.03 p1L) did we observe a Wenzel droplet on the dense 40 im spaced
substrate. The medium (60 to 87.5 pm) spaced substrates exhibited a volume-
dependent wetting behavior. For example, on the 75im spaced substrate shown
in Figure 2-5, transition was observed for 1 pL droplets, no transition for 11 p1L
or 55 pL droplets, but surprisingly, droplets with a volume of 75 PL transitioned
to the Wenzel state. On the sparse 100 tim spaced substrate, we observed that all
droplet sizes, ranging from 7 iL to 75 pL, underwent transition. Although the
pendant droplets remained in the CB state when brought into contact with the
100 im spaced sample, they were observed to transition to the Wenzel state upon
detachment from the needle. These experimental observations show for the first
time that the CB-to-Wenzel transition can occur not only for small droplets (due
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to the well understood Laplace mechanism) but also for large droplets.
1 mm Cassie
Wenzel
0.03 pL
Wenzel Cassie
1 pL
Wenzel
7 pL
Wenzel
-Bam I
Cassie Wenzel
Wenzel Wenzel
Figure 2-5. Stable droplets with volumes ranging from 0.03 pL to 75 pL gently deposited on textured
superhydrophobic surfaces with 10 pm x 10 pm x 10 pm posts and varying spacing. Laplace pressure appears
to cause transition of 0.03 pL and 1 pL droplets on 40 pm and 75 pm spaced samples, respectively.
To further understand the transition of larger droplets, high-speed images of
wetting interactions during "gentle" deposition of large droplets were recorded at
8500 fps (Phantom v7.3). The image sequence for the 75 pm spaced substrate is
shown in Fig. 3. It is seen that initially, as the droplet settles on the substrate,
there are surface perturbations and shape changes. A dominant feature that is
observed is that the center of gravity (CG) of the droplet is lowered by a length
scale A 1 mm on a time scale tfa- 10 ms that corresponds to the free fall time
scale (i.e., A ~ gt 2). This motion of the CG gives rise to a velocity Vjaii = 2gA
of the CG.
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Cassie behavior - CG moves downwards s Water hammer, capillary waves, and transition
Figure 2-6. High-speed image sequence of 75 pL droplet detachment and wetting transition on the 75 prm
spacing textured substrate during a gentle droplet deposition. The transition event occurs between 106 and
12.2 ms. The time scale of the CG motion corresponds to the free-fall time scale, followed by capillary waves
and transition.
If it is assumed that the pressure scales as the convective term in the fluid
equations, then the corresponding steady Bernoulli-type dynamic wetting
pressure P = pV;11 /2. This pressure is calculated here to be on the order of 10
Pa. The anti-wetting capillary pressure Pc, calculated for 75 Pm spacing using
Eqn. 2-8, is 202 Pa and far exceeds the steady Bernoulli-type dynamic wetting
pressure of 10 Pa calculated above. Therefore, it cannot explain the transition of
the droplet to the Wenzel state. The high-speed images in Figure 2-6 show that
the CG stops moving down, representing a virtual "collision" with the substrate,
in a very short time scale that is less than the millisecond scale time resolution of
the high speed camera. Transition to the Wenzel state occurs during this time,
and is followed by capillary waves. We propose that during this rapid
deceleration, the pressure must scale predominantly with the time derivative
inertia term in the fluid equations (unsteady Bernoulli equation). Rapid
deceleration can produce a large water-hammer-type pressure' that is given as
Pw,, = kpVfaIC, where k is a constant depending on the type of collision, shape,
and velocity of the droplet;" and C is the speed of sound. For the current
scenario with low velocity and large droplet size, k = 0.001 . This implies
PWH = 2000 Pa, which is significantly larger than the anti-wetting capillary
pressure to cause transition. Thus, energy can be channeled by rapid deceleration
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into a large water hammer-type pressure that can result in transition to the
Wenzel state.
Next, we estimate the critical size of the droplets that can undergo CB-to-
Wenzel transition via the deceleration mechanism. The displacement A can be
estimated by considering the reduction in potential energy and the eventual gain
in surface energy as A ~ pgR3 / U , where R is the radius of the droplet. As the
volume of the droplet increases, so do A and Vfa, and, ultimately, the water
hammer pressure. The critical droplet radius RwH for transition can be obtained
by equating the deceleration-based water hammer pressure P. to the capillary
pressure Pc of the surface and is given by
1/3 5 /3
Ry _ t, t,
tr c , Eqn. 2-9
where , = a / pg is the capillary length based on the balance between the
gravitational and surface energies. ce = 2k 2C2 /g is a length scale based on the
balance between sound wave and gravitational energies. Similar expressions for
critical droplet radii R*, R* based on the dynamic and Laplace pressures,
respectively, are
R t61 /3. R
t r r r =Eqn. 2-10
According to the above mechanisms, transition will occur if R > RH or*
and if R < R*. It is noted that the Laplace mechanism based condition for R* is
independent of the capillary length scale t. , i.e., gravity does not play a role.
This is as expected because the droplets are assumed to be smaller than the
capillary length scale." For square posts, it follows from Eqn. 2-8 that
,r = 2b(1+ b / 2a)/(-4cos,). Thus, when b / a is small, r ~ b/(-2cosO6), which
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implies that R* - b/(- cos a). This is same as the scaling for Laplace pressure-
based transition according to the de-pinning mechanism. 19 When b / a is large,
r , b 2/(-4acosa) , which implies that R* - b2/(-2acosoa)- b2/a (the last
reduction in scaling is an equality when Oa = 1200 as in our case). This is same as
the scaling for transition according to the sag mechanism when the post height
H ~ a; in our case H = a. Thus, in our case, the condition in Eqn. 2-10 captures
both the de-pinning and sag based transitions in their respective limits Eqn. 2-9
and Eqn. 2-10 show that the capillary length scale becomes relevant in the case
of water hammer-based or dynamic pressure-based mechanisms. Figure 2-7
shows that the data are explained by the water hammer of transition.
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Figure 2-7. Size-dependent phase diagram of droplets in CB and Wenzel states on textured hydrophobic
surfaces. Predictions for normalized critical radius R*/, r of water droplets that undergo CB-to-Wenzel
transition as a function of the surface parameter X = f r o. based on different wetting pressures: water
hammer pressure (solid), Laplace pressure (dashed), and dynamic pressure (dash-dot). The region between
the Laplace and water hammer curves represents CB regime while other regions represent the Wenzel regime.
The experimental data are plotted as circles and consist of normalized droplet radii that are in CB (open
circles) and Wenzel (filled circles) states.
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In Figure 2-7, we plot the critical radius of droplets as a function of the
parameter Xa£r / and find good agreement with the experimental data
presented in this paper. The region between the Laplace and water hammer
curves represents the CB regime while regions outside represent the Wenzel
regime. Furthermore, it is interesting to note that the water hammer-based
critical radius RH and Laplace-based critical radius R* intersect when
1/5
Zcrit j 8£ Eqn. 2-11
( f CT)rit Vc)
Hence hydrophobic textures with X Xcri will always result in Wenzel
wetting (such as the 100 pm spaced substrates in our experiments). Thus, it is
seen that both large and small droplets transition to Wenzel states due to the
deceleration and Laplace mechanisms, respectively. This results in a new regime
of transition and a new phase diagram of droplet sizes in CB and Wenzel states.
In summary, we show that large droplets can undergo CB-to-Wenzel
transition due to a rapid deceleration-induced water hammer-type mechanism
during deposition. It can be argued that the source of energy for this transition
could be the surface energy in the initially distorted droplet shape, or the
gravitational energy. We propose that the latter is plausible. It is seen that as
droplets settle on a substrate, even during "gentle" deposition, the center of
gravity (CG) is lowered on the time scale of free fall. Then, the CG stops moving
down, representing virtual "collision" with the substrate on a very short time
scale. This rapid deceleration produces a water hammer-type pressure that scales
with the unsteady inertia term and causes a wetting transition. A new phase
diagram is presented, as shown in Figure 2-7, where both small and large droplets
can transition based on Laplace and water hammer mechanisms, respectively.
This result implies that the CB state can be achieved via pendant droplet
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deposition only for intermediate droplet sizes for many rough surfaces that are
not optimally designed. This insight is novel and shows that the attainment of a
CB state, in the scenarios considered in this study, is more restrictive than
previously implied by Laplace pressure-based transition mechanism.
30
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3 Scalable Superhydrophobic Surfaces
3.1 Superhydrophobic Polycarbonate Studies
In this study, we report on a rapid, single-step method to produce large-area
superhydrophobic surfaces via solvent-induced phase transformation of
polycarbonate treated with acetone. Crystallization of the polymer led to the
formation of a hierarchical structure composed of microporous spherulites covered
with nano-fibrils, and resulted in superhydrophobic wetting behavior Figure 3-1.
Systematic study of the dependence of solvent treatment time on the resulting
surface morphology was conducted to elucidate the mechanism of structure
formation and to determine optimal treatment time. The resulting surfaces
exhibited high contact angles, low contact angle hysteresis, and complete
dewetting during droplet impact.
a b c d
Figure 3-1. a, 30 pL water droplet on untreated polycarbonate with an advancing contact angle of 92* 2*
and CAH ~20*. b, 30 pL water droplet on polycarbonate treated with acetone for 30 min with an advancing
contact angle of 152* i 2* and CAH ~6*. c, SEM image of microporous spherulites composing the
superhydrophobic polycarbonate surface. d, SEM image of nano-fibrils covering the spherulite structures. e,
Dyed water drops of various sizes on large polycarbonate sheet treated with acetone for 15 min (pen
indicates scale).
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3.1.1 Manufacturing Process
PC (Sheffield Plastics) was immersed in acetone for various durations and
then removed to evaporate the acetone in air at room temperature. The PC
surface was monitored during submersion and evaporation using an optical
microscope, and surface morphology was further analyzed by SEM (Zeiss Supra
55 VP, Figure 3-2) and contact profilometry (Tencor P-16, Figure 3). The
untreated PC surface was observed to be smooth as shown in Figure 3-2. After
treatment with acetone, the PC surfaces exhibited a hierarchical structure
consisting of pores (Figure 3-2c, d, g, h), spherulites (Figure 3-2e-1), and nano-
fibrils (Figure 3-2m-p). Spherulites were first observed on the surface after 1-min
treatment (Figure 3-2a, e), followed by the hierarchical porous structures after 5
min (Figure 3-2c, d, g, h). The spherulite diameters increased from 3-4 Im at 1
min (Figure 3-2i) to 6-10 pm after 2 min (Figure 3-2j-1). Incomplete spherulite
coverage of the surface is evident in the 1 min and 2 min samples (Figure 3-2a, e,
i, m), whereas complete coverage of the surface with the hieararchical spherulite
aggregates appears starting for treatment time of ~5 min (Figure 3-2c, g, k, o).
Further characterization of the treated surfaces was performed with 2D scanning
surface profilometry. A clear increase in root mean square (RMS) roughness and
tortuosity up to the 5 min treatment time and comparable roughness statistics
between 5 and 180 minutes are consistent with the proposed mechanism of
spheruite formation described below. After this one-step treatment for optimal
duration time (discussed below), the surface became superhydrophobic (Figure
3-2b, e).
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Figure 3-2. SEM images of polycarbonate surfaces subjected to different acetone treatment times across
multiple length scales. The hierarchical nature of the surface structure consists of micron-sized spherulites
and a top layer covered with nano-fibrils. Incomplete spherulite coverage of the surface is evident in the 1
min and 2 min samples (a, e, i, b, f), whereas complete surface coverage with the hierarchical spherulite
aggregates appears starting at a treatment time of ~5 min (c, g, k, o).
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Figure 3-3. RMS roughness (black) and tortuosity (grey) data of the acetone-treated PC surfaces as a
function of the acetone treatment time using 2D surface profilometer scan measurements. Line guides the eye,
and error bars indicate 95% certainty range.
3.1.2 Formation Mechanism
The formation mechanism of the hierarchical PC structure is based on
solvent-induced crystallization, which has been studied previously in various
polymer/solvent systems.19-24 PC and acetone have similar Hildebrand solubility
parameters (20.1 and 20.3 jl/ 2 cm-'/ respectively)2" and are therefore miscible. 2 1
During dissolution, the solvent diffuses into the polymer structure creating a
gelated, swollen surface layer. The diffusion of an organic solvent (acetone) into
a glassy polymer (PC) is characterized by anomalous, non-Fickian behavior
classified as Case II sorption.2 -2 8 In Case II sorption, the diffusion front between
the swollen gel and glassy polymer moves with constant velocity and is noticeably
sharp.2" As the acetone penetrates the glassy polymer, the glass transition
temperature (T,) behind the diffusion front decreases to below room temperature,
and the swollen polymer plasticizes.26 Upon removal from the acetone bath,
acetone evaporation causes the PC to crystallize in a manner analogous to
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crystallization induced by thermal quenching of a molten-state polymer. When
the acetone evaporates, T, increases, effectively "supercooling" the swollen
polymer gel, inducing crystallization, and spurring the nucleation and growth of
spherulites. It is important to note that the crystallization process and thus the
formation of spherulites only occurs upon evaporation, which is consistent with
previous reports,22,23,29 and our in-situ optical microscopy studies of the PC surface
during submersion and evaporation. The increase in spherulite size from 1 min
to 5 min is due to the increased acetone diffusion front depth in PC: layer depths
less than the diameter of a spherulite (~10 plm) resulted in incomplete spherulite
coverage, and layer depths greater than 10 pm led to the formation of pores.
Aggregates of aligned crystalline lamellae form spherulites in polymers of low
crystallinity. Spherulite growth is radial, originating from a foreign particle
nucleus. 29 Nano-fibrils formed by lamellar structures were observed on the surface
of the top layer of spherulites (Figure 3-21-P) and retained similar dimensions for
all the samples, regardless of treatment time.
A loss of transparency generally indicates the crystallization of a polymer.
X-ray diffraction (XRD) was used to further investigate the structure of the PC.
The wide peaks of the XRD pattern of untreated PC indicate an amorphous
phase. As the treatment time is increased, the peaks become sharper. The
percentage of crystallinity (Figure 3-4) was determined by dividing the crystalline
area of the treated PC by the total amorphous area of the untreated PC. 23 The
degree of crystallinity increased with treatment time and approached a maximum
value of approximately 20% for treatment times of 10 minutes and longer, which
agrees with previous studies.30 These XRD results confirm that the hierarchical
structure of treated PC arises from solvent-induced crystallization with acetone.
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Figure 3-4. Crystallinity percentage of polycarbonate samples treated in acetone as determined by X-ray
diffraction (XRD). Line guides the eye. Inset: XRD patterns for different treatment times of polycarbonate.
Sharper peaks for longer treatment times indicate higher degree of crystallization.
3.1.3 Wetting Characterization
To determine the effect of treatment time on wetting properties, systematic
contact angle, roll-off angle and droplet-impact experiments were conducted on
PC substrates with varying treatment times. Advancing and receding contact
angles were measured using a goniometer (Figure 3-5, left axis). The untreated
PC showed an advancing angle of 92 t 20 and receding angle of 72 ± 20. After 1
min treatment, both contact angles increased by ~30' due to the formation of
partial spherulites and nano-fibrils (Figure 3-2A). The advancing and receding
contact angles increased to 152 ± 20 and 146 ± 40 respectively after treatment
times longer than 10 min due to the formation and complete coverage of the
surface with porous hierarchical structures (Figure 3-2B-D). Consequently, the
surface wettability changed from moderately hydrophobic to superhydrophobic.
The CAH was approximately 20* for both the untreated PC and 1-min treated
PC. As treatment time was increased, the CAH decreased to about 40, indicating
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a Cassie-Baxter state.3 1 ,32 The roll-off angles were measured directly with the tilt
stage of the goniometer using 6 pL drops (Figure 3-5, right axis). For the
untreated, 1-min and 2-min treated PC, drops remained attached even when
tilted to 900, indicating high adhesion between water droplet and the PC surfaces
due to the partial coverage of the surface with the spherulites. The roll-off angles
decreased dramatically to ~40* for the sample treated for 5 min, and approached
a minimum value of ~300 for treatment times of 10 min and longer. These small
roll-off angles indicate that complete coverage of the PC surface with the
hierarchical structures (Figure 3-2B-D) decreases the water-PC surface contact
area and reduces droplet adhesion. 33
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Figure 3-5. Contact angle (black) and roll-off angle (red) measurements on acetone-treated PC surfaces using
sessile water droplets as a function of the acetone treatment time: advancing contact angle (black circles),
receding contact angles (black squares), and roll-off angles (red squares) of 6 1 L drops. Lines guide the eye.
These measurements indicate improved non-wetting performance after ~10 min treatment time.
High-speed imaging (10,000 fps) was used to observe the resistance of the
PC surfaces to 9 iL water droplets impacting at 0.63 m/s (Figure 6). A droplet
striking untreated PC completely wets the surface and remains pinned (Figure
3-6a). On the 1-min treated sample (Figure 3-6b), complete wetting is again
observed, but the droplet becomes highly pinned on partial spherulites and
remains in a Wenzel state. Droplets impacting on the surface of the PC treated
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for 10 min and longer remain in the Cassie state and completely rebound from
the surface. Capillary pressures on the order of 10 kPa (see supplementary
material) are generated by the hierarchical textures and overcome the dynamic
wetting pressure of the impacting droplet (Figure 3-6c)."
O ms I ms 4 ms 8 ms 15 ms 19 ms 32 ms
a
Figure 3-6. High-speed video sequences of 9 pL water droplets impacting at 0.63 m/s on various
polycarbonate surfaces: a, untreated polycarbonate b, droplet pinning on polycarbonate treated for 1 min in
acetone, and c, complete recoil of droplet on polycarbonate treated for 15 min in acetone.
Superhydrophobic surfaces can be easily and rapidly attained by solvent-
induced crystallization of PC with acetone. The resulting multi-scale, hierarchical
structures exhibit high contact angles, low CAH and roll-off angles, and excellent
impact resistance. The structures are formed as a result of solvent-induced
melting, swelling, and subsequent evaporation and crystallization of the polymer
into spherulites. After the diffusion front of the solvent proceeds to a sufficient
depth and evaporates, agglomeration of micron-scale spherulites coated with
nano-fibrils crystallize on the surface. On an intrinsically hydrophobic surface,
this multi-scale roughness results in superhydrophobicity. Acetone treatment of
PC is a simple, one-step process that can be easily scaled to manufacture
inexpensive superhydrophobic surfaces. Furthermore, this solvent-induced
crystallization technique could be broadly applied to other solvent-polymer
systems to fabricate hierarchical surface textures.
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3.2 Anodized Aluminum Oxide Studies
Some of the most common metals used in surface condensers belong to a
family called valve metals. This family includes aluminum, titanium, tungsten,
and hafnium. These metals may all be anodically oxidized when put into an
electrolyte. Such surface treatments are common in industry, as anodization of
aluminum and titanium creates a hard scratch-resistant surface that protects the
underlying surface from further oxidation. When refined to a specific processing
regime, this anodization results in the formation of a highly-ordered
nanostructure. It is this structure that is the focus of the next study, since it may
be treated with a modifier layer to create a superhydrophobic surface.
3.2.1 Overview of Anodic Oxidation
The anodic oxidation of aluminum, when performed under the appropriate
conditions, gives rise to nanopore morphology (Figure 3-7) .34-38 This has been
utilized commercially in applications ranging from anti-wear surfaces to
decorative jewelry. The first reports of anodized aluminum oxide (AAO) were
reported in 2001 by Grimes et. al., in which they used a fluorine-based solution.
By adjusting the anodization parameters, complete control of the nanostructure
may be obtained. Nanotube pore size, wall thickness, length, and chemistry are
all dependent on the anodization process.
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Figure 3-7. Schematic showing structure of porous aluminum oxide."
When aluminum is anodized in mildly acidic conditions, the oxide is
dissolved by applying a controlled voltage/current profile ranging from 10-200 V
and from 0.1 - 100 mA/cm 2. As voltage is increased, the pore spacing, diameter,
and thickness all increase linearly. The growth rate increases with temperature
and aggressiveness of the electrolyte. The mechanism of AAO growth is depicted
in Figure 3-8. At the initiation of oxide barrier layer growth under constant
voltage conditions, the current will drop as the oxide layer thickens (Stage I).
After a point of minimum current (Stage II), pores begin to develop in the top
layer of the oxide layer, reducing the resistance of the oxide layer and leading to
an increase in current (Stage III). Finally, the pores widen and grow in a steady-
state manner. The growth of this porous film at constant voltage may continue
indefinitely.
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Figure 3-8. Schematic of the transient voltage and current during (a) constant current and (b) constant
voltage growth modes. The stages of growth are shown below. (c) Transmission electron microscope (TEM)
image of cross-section of stage II growth.34
3.2.2 Experimental Apparatus
The apparatus by which AAO is obtained is relatively simple. It consists of
an electrochemical cell wherein the part to be anodized is the anode, and
platinum mesh is suspended above the surface to serve as a cathode. This
configuration is immersed in an electrolyte bath, and the temperature, voltage,
time, and electrolyte composition are precisely controlled to achieve the desired
nanostructure.
All parts are made of either Teflon in the case of the main structural
components, or fluoropolymer-encased Viton 0-rings in the case of the sealing
components (Figure 3-9). The base of the cell is a large copper cylinder that acts
as a heat reservoir, electrical conductor, and thermal conductor simultaneously.
The design of the Teflon components is such that differently sized apertures may
be used, while still maintaining a good seal between all components. Three
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different orifice diameters were fabricated: 1cm, 1 inch, and 2 inches. The rig is
designed to accommodate different thicknesses of samples by varying the length
of the clamping bolts.
inner housing
Top ring
Outer housing
Upper o-ring
Lower cap
Lower o-ring
Copper block
Figure 3-9. Electrochemical cell for anodic oxidation of aluminum samples. All parts are constructed from
Teflon polymer except for fluoropolymer o-rings and copper base.
A Keithley 2400 power supply/meter as used to supply the anodization
voltage and measure the current, while a combination Peltier/stirring cell (Kool-
Stir) was used to cool and mix the electrolyte. The sample as loaded into the
apparatus and bolted down, and the entire assembly was placed on top of the
Peltier cooler/stirrer. Since both surfaces of the copper block were polished to a
mirror finish, no further thermal interface was needed to ensure good thermal
contact between the base and the chiller.
Before anodization, the samples were polished with a variety of methods.
The first method employed was electropolishing, carried out in the same
electrochemical cell. For this step, the sample was immersed in a solution of
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perchloric acid:ethanol 1:3 for 10 minutes at a temperature of 7*C and a potential
of 20 V. For the alloy samples, which were of sufficient thickness to mount on a
polishing plate, mechanical polishers were used down to a diamond grit size of 0.3
pm. Mirror finishes were obtained in this way.
Various electrolytes were used to investigate their effect on the
nanostructures. Phosphoric acid (7.2 wt%) and oxalic acid (5.4 wt%) are the
most commonly-used electrolytes for creating well-ordered nanopores. These
electrolytes were used for the first and last anodization steps. For both of these
steps, the solution temperature was lowered to 15*C and the voltage was set to a
constant value of 40 V. Between the first and last anodization steps, a solution of
chromic and phosphoric acid (1.8/6 wt%) held at 65*C was used to etch away the
barrier oxide, leaving well-ordered aluminum pits. This allowed for well-ordered
growth of the oxide layer in the last anodization step. Image measurement and
analysis was performed with ImageJ64 v1.43.
Figure 3-10. Well-ordered nanopores with a diameter of ~30 nm as a result of anodic oxidation of pure
aluminum foil (99.999%).
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Figure 3-11. Poorly-ordered nanopores with a diameter of ~70nm as a result of anodic oxidation of aluminum
alloy 1100.
Figure 3-12. Pitted nanostructure formed as the result of post-etching anodized aluminum oxide of alloy
1100 with a solution of phosphoric acid (1.15 wt%).
Scalable Superhydrophobic Surfaces
3.2.3 Results and Discussion
Anodization of pure aluminum films (99.999%, Strem Chemicals) results in
the formation of well-ordered pores (Figure 3-10). The average pore size is 40.5 ±
15.0 nm with a circularity of 0.90 ± 0.06, indicating a large spread in the
diameter of the pores. The advancing and receding contact angle increase from
94.2-±20/52.6±2' on a smooth surface to 1570±20/520±2 on a surface anodized
in 7.2 wt% phosphoric acid for 3 and 2 hours for the first and last anodization
steps, respectively. However, attempts of anodization of alloy films and discs
results in disordered, ragged nanopores Figure 3-11). Furthermore, anodization of
thick samples of alloy 1100 followed by post-etching in 1.15 wt% phosphoric acid
at 30*C for 90 min resulted in a pitted structure (Figure 3-12). These effects are
most likely the result of insufficient polishing before anodization,3 4  and
insufficient time spent during the first anodization step,36 where the oxide film
grows in a self-aligning manner. In the case of the post-etching with phosphoric
acid, it is possible that the etching was carried out for too long a time. This
would account for the nearly complete removal of the walls of the nanopores.
There are many measures that may be taken to improve this anodization process.
First, a more suitable electrolyte may be found for the initial step of
electropolishing. Since the "brightening" of aluminum is commonly performed in
industry, these chemicals should be relatively easy to obtain and apply to our
alloy systems. These mixtures are commonly solutions of phosphoric and nitric
acid, and they are brought to very high temperatures before chemically polishing
the aluminum. These preliminary results, although promising, demonstrate that
there is significant work to be done in order to attain highly-ordered nanoporous
aluminum structures.
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4 Dropwise Condensation
4.1 Overview of Heterogeneous Nucleation
Within any vapor, there are a number of random collisions between vapor
molecules that result in the formation of clusters. The stability of these clusters
depends on the thermodynamic properties of the system; if the cluster is unstable,
it will evaporate back into its constituent molecules. However, if the cluster is
stable, it is becomes a nucleus for further condensation of more vapor molecules.
The determination of the stability has been investigated thoroughly for both
homogeneous nucleation (spontaneous nucleation of a vapor) and heterogeneous
nucleation (nucleation onto an existing interface).3941 Since we are most
concerned with condensation on heat exchangers, we will consider the case of
heterogeneous nucleation.
4.1.1 Nucleation Theory
Classical nucleation theory deals with the creation of a new interface
separating two phases of matter. There exists an energetic barrier to the
nucleation of a new interface due to the increase in free energy of the new
interface. This change in free energy can be expressed in terms of the surface
energy of a nucleus and the free energy of that nucleus, and is offset by a
decrease in the free energy per unit volume
AG = AGV + S + (as, - U,)Sa Eqn. 4-1
where AGV is the free energy difference per unit volume of the liquid between the
vapor state and the liquid state. When the nucleated droplet is assumed to have
the shape of a spherical cap, the expressions for surface area and volume become
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V = rr3(2-3cos6, + COS 3 ,)/ 3,
S, = 27cr 2(1- cos,), Eqn. 4-2
S,,= rr2 sin2 Ge
where r is the radius of curvature of the nucleus. Substituting the expressions
into Eqn. 4-1 gives
AG = AG,7rr3(2-3cos6, + COs 3 0)/3 Eqn. 4-3
+27ir2 (1- COS 0,) - (a, - a,,)rr 2 sin 2 0G
Minimizing Eqn. 4-3 gives an expression for the critical radius, or the radius
of curvature of a stable nucleus
r 2 Eqn. 4-4
AG,
and the critical free energy is given by
AG = 2 (2+COs6,)(1 _COS,) 2  Eqn. 4-5
3(AG,)
AG* is also known as the nucleation energy barrier. It is clearly seen that this
nucleation energy barrier depends on the equilibrium contact angle. This energy barrier is
further affected by the geometry of the nucleation site. Depending on whether the
nucleation site is concave or convex, the nucleation energy barrier will be smaller or
larger, respectively.
% 66 6
Eqn. 4-6. A B-phase particle on a convex interface (a) and a convex interface (b). It is assumed that the
substrate surface is able to apply a torque to offset the tension due to -ab sin(O+0z.
The expression for free energy must be modified to account for the
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curvature of the liquid-solid interface:
AG=AGINr3(2 - 3 cos , + cos3 ) /3
V-Fa3(2-3cos+ cos3 )] Eqn. 4-7
+2arr 2 (1- cos6,)- 2(a, - a)ira 2(1- cos#)
for convex and concave surfaces, respectively. This expression gives a more
complete picture for the preferential nucleation of a vapor. Sites which are either
concave or have low equilibrium contact angles will exhibit preferential
nucleation. These phenomena will form the basis for the enhancement of
condensation heat transfer on textured surfaces.
4.1.2 Models of Dropwise Condensation
After nucleation, the drops proceed to grow due to condensation occurring
directly on the drop surface. This initial growth period has been studied by many
researchers"-4 7 and is determined by the heat flux through the droplet, which is in
turn determined by the liquid conductivity ke
G - 2AT Eqn. 4-8
dt phfg 2+{
Assuming a constant heat flux, these initial drops grow with diameters
following a power law of r(t) oc t" until they reach a point at which coalescence
occurs.4 8 At this point, the drops have grown large enough so that they merge to
form larger droplets. The growth law then follows a power law with an exponent
of approximately 1.4 After combining the rate of growth of both regimes, an
expression for the steady state heat transfer rate per unit area of condenser
surface is given by43,4 9,50
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=4T2A~ -FPhg ( 1 rQ=f41r2AT( -r sexpi-h 1 (r2 -r .)+ 2(rr j)
max s 0 2 k, Eqn. 4-9
+ f41rr 2AT exp[ -2phA g ( 1 (r2 -r 2 )+-(r, -r)
+k 3r 2AT'x sin20, 2ke h i
This study will focus on the effects of the second integral in Eqn. 4-9; i.e.
the steady-state behavior of dropwise condensation. By evaluating the surface
temperature differential vs. the heat flux, we hope to produce data in agreement
with the following plot assembled by Rose et al."
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Figure 4-1 Heat transfer measurements for dropwise condensation of steam at near-atmospheric pressure: 1, Schmidt
et al. (1930); 2, Nagle et al. (1935); 3, Gnam (1937); 4, Fitzpatrick et al. (1939); 5, Shea and Krase (1940); 6, Fatica
and Katz (1949); 7, Kirschbaum et al. (1951); 8, Hampson and Ozisik (1952); 9, Wenzel (1957); 10, Welch and
Westwater (1961); 11, Le Fevre and Rose (1964); 12, Kast (1963); 13, Le Fevre and Rose (1965); 14, Tanner et al.
(1965a); 15, Citakoglu (1966); 16, Griffith and Lee (1967); 17, Citakoglu and Rose (1968); 18, Graham (1969); 19,
Wilmshurst and Rose (1970); 20, Tanasawa and Ochiai (1973); 21, Aksan and Rose (1973); 22, Stylianou and Rose
(1980); 23, Ma et al. (1994); 24, Leipertz and Koch (1998)
4.2 Design of Condensation Apparatus
To study dropwise condensation at conditions seen in typical power and
desalination plants, we designed and constructed an apparatus that would
condense on to macroscale samples with characteristic dimensions of many
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centimeters. At this scale, droplet shedding plays a large role in the augmentation
of the condensation heat transfer coefficient. The rig employs a modular design
that enables various configurations of sample surfaces to be inserted into the
condensing chamber. This portion of the study focuses on condensation onto flat
surfaces with varying orientations. Future work will involve condensation onto
tube configurations.
4.2.1 Principles of Operation
At its most fundamental level, the condensation apparatus (Figure 4-2) is
somewhat analogous to a typical steam cycle power plant. However, instead of a
fuel-fired boiler, it uses an electric boiler to introduce saturated steam into a
chamber that is held at sub-atmospheric pressures. A feedback-controlled
pressure regulator takes the place of the steam turbines in the apparatus. In the
condensing section, a substrate is attached to a chiller and exposed to the
saturated steam, initiating heterogeneous condensation. By measuring the
temperature at precise locations within the apparatus, we can calculate he, the
condensation heat transfer coefficient
hd,- qbck Eqn. 4-10
A T,
where qblok is the heat flux through the chiller block, obtained by measuring the
temperature within the chiller block at incremental axial locations, and AIT, is the
difference between the temperature of the condensing surface and the saturation
temperature of water at the chamber pressure. The heat flux through the cooling
block can be calculated as
q=-k d Eqn. 4-11
dx
where x is the axial position as measured from the front surface of the block, k is
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the thermal conductivity of the block, and q is the heat flux through the block in
W/m 2 . Following the operating principle outlined in Eqn. 4-10, the design of the
rig had to satisfy the following critical functional requirements:
1. Securely mount sample on instrumented cooling block
2. Provide an isolated heat conduction path for sample
3. Supply saturated steam to condensing chamber
4. Supply chilled water to cooling block
5. Control pressure from ipsia to latm
6. Provide large viewports for high-resolution high-speed imaging
In addition to these critical functional requirements, the rig design also
performed the following ancillary functions:
1. Vary inclination angle of condensing surface
2. Modular construction to allow for future tube configuration
3. Additional instrumentation feedthroughs
4. Viewport heating to prevent fogging
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Figure 4-2. System diagram of condensation rig. Flow directions of steam-conveying components (red) and
chilled-water components (blue) are indicated by arrows.
4.2.2 Survey of Past Experiments
The design of the condensation rig is based on that of similar setups by
numerous researchers. A comprehensive review of previous designs carried out by
Rose et. al includes the most relevant experiments in dropwise condensation
carried out in the last 80 years." Most of the experimental apparatus designs
follow a similar methodology: a copper block was used to provide the cooling flux,
and was also outfitted with thermocouples at different axial distances. However,
most of these setups were not able to condense at various pressures; the pressure
was set by the power of the boiler elements.
4.2.3 Sample Size Selection
The critical dimensions of the apparatus were decided by the size of the
sample surface. Overly large sample sizes would prove detrimental due to the
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large amount of cooling needed, and also in the difficulty of fixturing large
samples with reasonably small thermal contact resistance. Conversely, smaller
samples would prove to suffer from increased edge effects. The choice of sample
size also has to take into account the different sample processing steps. Since
photolithography would be used extensively to fabricate future substrates, the
sample size must be a standard wafer size. This immediately ruled out sample
sizes of square geometries, and limited the rig to testing circular wafer samples.
Additionally, anodized samples would have to be thoroughly polished. Since this
process becomes difficult for large samples, an additional constraint was set on
sample size. With these considerations in mind, it was decided that the rig would
be designed around a 50 mm wafer size. This is the smallest wafer size that can
be processed in a typical nanofabrication center.
4.2.4 Heat Transfer Paths
A careful balance of heat transfer paths was required to both maximize the
heat flux through the sample and the cooling block, and to minimize the parasitic
heat flux to the chamber and environment. A large Teflon jacket serves to
insulate the cooling block, and the dimensions were chosen to provide a thermal
resistance that is more than two orders of magnitude lower than the thermal
resistance of the block itself. Additionally, this Teflon jacket had to provide good
mechanical sealing against the main flange of the chamber, and sealing for the
copper block against the jacket itself. At the front end of the Teflon jacket, a
clamping ring had to be set against the surface and sealed to prevent steam
leakage to the copper cooling block. To maximize the heat flux through the
copper block, the total thermal resistance of the copper block and sample were
kept to a minimum. This was accomplished by minimizing the thickness of the
cooling block and using thin indium foil as a thermal interface. Thermal paste
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was considered as an alternative, but it was determined that the most repeatable
sample mounting would be accomplished by the use of very thin indium foils.
4.2.5 Condensation Chamber
The remaining critical dimensions of the condensation chamber (Figure 4-3)
were dictated by the need for viewports and angle inclination adjustment. To
adequately view a 50 mm dia. sample, a standard viewport size of 6" is required.
High-vacuum con-flat flanges were obtained from MDC Vacuum with a
maximum bake-out temperature of 250*C, which allows for heating of the
viewports to prevent fogging. The placement of the viewports is critical to proper
imaging of the substrate during condensation. The imaging capture is performed
with a Nikon 105mm Macro lens with a minimum focal distance of 4.2". The
front viewport was then designed to be as close to this as possible, while still
providing enough room to fasten axles that enable the chamber to rotate. The
side viewports were placed at with centers raised at a 10* viewing angle from the
sample surface. This allows for measuring the thickness of films during filmwise
condensation, and the contact angle and height of drops during dropwise
condensation. In addition to the three viewports, additional flanges were added to
provide steam inlet and outlet, instrumentation inlets, and condensate drainage.
The chamber was mounted onto a worm drive gear to allow for angle positioning.
The viewports were outfitted with 150W band heaters to prevent viewport
fogging, and the body was lined with five 50W silicone strip heaters to prevent
condensation on the chamber body. Two separate PID controllers regulated the
temperatures of the viewport and band heaters, respectively.
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Figure 4-3. Schematic of condensation chamber. Three viewports provide means of measuring droplet density
and contact angle simultaneously, while allowing for backlighting. All viewports were outfitted with 150W
band heaters to prevent fogging. The two pegs at the front end allow the chamber to rotate through 180*.
4.2.6 Thermal Fluid Piping System
The thermal fluid system (Figure 4-4) serves two purposes: first, it delivers
saturated steam to the chamber at pressures ranging from 1 psi - 1 atm. Second,
it provides chilled water for the cooling block, transferring the heat from the
condensing steam through the copper block. The chilled water system also
supplies an auxiliary condenser, which takes the form of a shell-and-tube heat
exchanger. The entire steam loop is constructed from stainless steel due to the
corrosive nature of the feedwater. The boiler is supplied by 1 MQ deionized water
that is further passed through a nanoporous membrane degassifier to strip non-
condensables. The feedwater is pumped to a pressurized stainless steel boiler
chamber, where a set of 440V heating elements boils the water to generate steam.
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A steam separator and steam trap are installed immediately upstream of the
condensation chamber to ensure that only saturated steam reaches the chamber.
Since the steam is generated at 40psi, it undergoes considerable flashing once it
passes through the pressure regulator. A needle valve is provided as a bypass
measure should the actuator fail. The quality of the steam is reduced significantly,
and the separator removes the entrained water vapor. The steam trap at the
bottom end of the separator ejects condensate into a condensate collection
chamber. Due to contamination concerns, the system is not a cyclic loop.
Condensate from the separator, the chamber, and the auxiliary condenser is
collected in a reservoir that is drained after filling.
4.2.7 Mitigation of Non-Condensables
In a number of previous experiments, results were flawed due to the effect
of non-condensables." The flow of steam as it is condensed onto the surface
draws with it non-condensable gases, such as nitrogen and oxygen from the
atmosphere. These act as a barrier to the transport of steam to the condensing
surface, and significantly reduce the condensation rate and thus heat transfer rate.
Many measures were implemented into the design of the apparatus to minimize
the effects of non-condensables. First, to ensure that the steam loop itself
contained an absolute minimum of non-condensables, the chamber was pumped
down to low pressures before each run. Next, as the boiler was started, the initial
air-steam mixture was vented for 30 minutes to ensure that the content of the
boiler was pure steam. Furthermore, the feedwater to the boiler was passed
through a membrane degassifier (MarCor LiquiFlow).
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Figure 4-4. Steam loop layout for condensation rig. Steam is generated by 20kW boiler and regulated to
pressures ranging from 1 psi - 1 atm and delivered to the condensation chamber. Chilled water cools the
back end of the sample and auxiliary condenser. Critical control valves are labeled in green.
The heat flux through the copper block was measured by means of a series
of four thermocouples embedded into the centerline of the block at regular
intervals (Figure 4-5). At the front end of the block, the sample was clamped
against the copper by a Teflon retaining ring and sealed with an o-ring to
prevent steam from corroding the copper block. The surface temperature was
extrapolated via the overall thermal resistance obtained from the calibration
performed before the condensing run, detailed in section 4.3.1.
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Figure 4-5. Cooling block subassembly. Sample is clamped at the front of the block by a Teflon retaining
ring. Rear of sample is cooled by chilled water. Four thermocouples are embedded along centerline of block.
Teflon insulation prevents heat transfer from chamber to copper block.
4.3 Macroscale Condensation Studies
4.3.1 Experimental Procedure
For these studies, smooth surfaces were tested to determine the capability of
the apparatus to match data from the literature. Smooth 50 mm silicon wafers
(WRS Materials) were either left as-received or coated with a thin coating of
fluorosilane (tridecafluoro-1,1,2,2, tetrahydrooctyl-trichlorosilane, Sigma Aldrich)
by vapor-phase deposition to obtain contact angles shown in Table 4-1. Before
each test, the wafers were thoroughly cleaned by 2-minute ultrasonication baths
(Branson Ultrasonics Model 2400) in acetone, isopropanol, and deionized water.
Samples were dried with a stream of nitrogen before clamping to the copper
cooling block. An 0.004" thick indium foil (Heat-Spring@ Compressible TIM,
Indium Corporation) was placed between the wafer and the copper block to
reduce thermal contact resistance.
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Table 4-1. Advancing and receding angles and contact angle hysteresis (CAH) for smooth sample surfaces.
Surface Oa Or CAH
Silicon 20±10 5±10 15±1*
Fluorosilane 120±30 80±20 40±20
To characterize the thermal resistance of the copper-indium-wafer assembly,
the copper block was calibrated so that surface temperature could be
extrapolated from the four thermocouples within the copper block. Since any
direct measurement of surface temperature will be affected by condensation onto
the thermocouple, this was determined to be the most accurate method of
measuring the surface temperature of the sample. This calibration treats the
cooling block subassembly as a case of transient conduction in a 1-dimensional
cylindrical slab, where the heat flux at the wafer end is assumed to be much
smaller than that at the water block end so that the surface may be treated as
adiabatic. The solution to the heat conduction equation for this case is given by
4 1 n n8(3,Fo)=- 
-exp -- Fo sin - ;
n=odd L 2 Eqn. 4-12
T-T x
7,-T L
where Fo is the Fourier number, given by at/ro.
To calibrate the cooling block subassembly, a small K-type thermocouple
was held against the wafer surface with a consistent force. The chilled water
block was clamped against the other end of the copper block and set to maximum
flow rate of 2 gpm, giving an initial heat flux of greater than 1000 W/m 2. The
convection at the sample end of the block resulted in a heat flux of less than 10
W/m 2, so the assumption of an insulated surface is valid. Although this
calibration reflects the case of unsteady conduction of energy from the block, the
thermal resistance from the thermocouples to the sample surface was found to be
nearly independent of the heat flux. For all calibrations, the thermal resistance
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varied by less than 0.1%. Using this calibrated thermal resistance, the surface
temperature of the sample could be extrapolated from the embedded without
concern of effects from thermocouple heating/cooling.
At the beginning of each test, precautions were taken to ensure an absolute
minimum of non-condensables entered the chamber. The boiler was vented
continuously before routing steam to the chamber so any air at startup would be
replaced by pure steam. Meanwhile, the chamber was pumped to high vacuum to
remove any remaining air. When steam was finally introduced to the chamber
through the pressure regulator, it was ensured to be as free from non-
condensables as possible. The exact quantity of non-condensables will be
measured, most likely with an 02sensor, to verify this assumption.
Figure 4-6. Photograph of experimental setup showing the apparatus undergoing steady-state condensation.
Heater controllers (right) display viewport and chamber body temperatures. Steam enters 1/2" NPT pipe on
left. Chilled water flows through black hoses. Backlight is held by adjustable magnetic base.
Condensed droplet on sample can be seen on viewfinder of digital camera.
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A steady pressure was maintained by the pressure regulator to better than
100 Pa (0.1% atm), during which the heat transfer due to condensation was
allowed to reach a steady state. The cooling flow was adjusted to various levels
to obtain data points describing AT vs. q, wherein each adjustment of cooling
power was followed by a settling period to allow the system to return to steady
state. During steady state condensation (Figure 4-6), high-resolution videos were
recorded with a digital camera (Nikon D300S with 105mm macro lens). Although
out of the scope of this work, the analysis of these videos (Figure 4-7) to
determine droplet density and size distribution will be the focus of future studies
using this apparatus.
Figure 4-7. Dropwise vs. filmwise condensation is evident in this photograph of a silicon wafer with one half
covered in a thin layer of fluorosilane with an advancing contact angle of 120* (left), and the other half
cleaned with oxygen plasma for an advancing angle of 5* (right).
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4.3.2 Results and Discussion
The condensation of steam at 11 psi onto various sample surfaces is shown
in a plot of AT vs. q" in Figure 4-8. The three different surfaces show clear
trends in temperature difference vs. heat flux. Referring to Figure 4-1, we see
that a lower slope indicates a surface that undergoes dropwise condensation,
while a higher slope indicates a filmwise mode of condensation. As expected, the
slope of AT vs. q" for the fluorosilane sample is the lowest at 2.1 ± 0.2 C /
(W/cm 2), and is in agreement with the curve recorded by Welch and
Westwater,52 which has a slope of approximately 2 'C / (W/cm 2). This slope
corresponds to a condensation heat transfer coefficient of 4710 ± 450 W/m 2 K,
which is at the lower end of typical values in literature." The slope of this curve
is significantly greater than those obtained by Stylianou & Rose,49 Tanasawa,54
and others, which is approximately 0.03 'C / (W/m 2). The slope of the curves
corresponding to bare silicon and AAO are 8.0 ± 0.3 and 8.3 ± 0.1 'C / (W/m 2),
respectively. These data agree with those of Fatica and Katz," but again are
significantly larger than those of more modern experiments.
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Figure 4-8. A T vs. q" for bare silicon (triangles), anodized aluminum oxide (squares),
layer of fluorosilane (circles). Shaded region represents 95% confidence bounds.
tendency to dropwise mode of condensation.
and silicon with a thin
Lower slope indicates
These large discrepancies could be due to a number of factors, not the least
of which is the fact that in the experiments of Rose and Tanasawa, the
condensing surface was integral to the copper cooling block, leading to a
significantly lower thermal resistance between the cooling block and the sample
surface. As shown by Rohsenow and coworkers, the thermal conductivity of the
test block has a significant effect on the accuracy of the surface temperature
measurement." The reduction of this error, along with the precise adjustment of
pressure and mass flow control to the cooling block and auxiliary condenser, will
be crucial for the accuracy of this apparatus.
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5 Summary and Future Work
In the first study of wetting transitions, we found that large droplets can
undergo CB-to-Wenzel transition due to a rapid deceleration-induced water
hammer-type mechanism during deposition. It is seen that as droplets settle on a
substrate, even during "gentle" deposition, the center of gravity (CG) is lowered
on the time scale of free fall. Then, the CG stops moving down, representing
virtual "collision" with the substrate on a very short time scale. This rapid
deceleration produces a water hammer-type pressure that scales with the
unsteady inertia term and causes a wetting transition. We develop a new wetting
phase diagram that indicates that both small and large droplets can transition
based on Laplace and water hammer mechanisms, respectively. This result
implies that the CB state can be achieved via pendant droplet deposition only for
intermediate droplet sizes for many rough surfaces that are not optimally
designed. This insight is novel and shows that the attainment of a CB state, in
the scenarios considered in this study, is more restrictive than previously implied
by Laplace pressure-based transition mechanism.
In the study of scalable superhydrophobic surfaces, we have shown that it is
possible to obtain a superhydrophobic polymer surface via a simple on-step
treatment of polycarbonate with acetone. The advancing and receding contact
angles showed maximum values of 152 t 2* and 146 ± 40 respectively after
treatment times longer than 10 min. During droplet impact studies with drop
heights of 2 cm, the surfaces displayed complete dewetting. In studies with
anodized metal oxide surfaces, we show that anodization of aluminum alloys, not
only pure foils, leads to superhydrophobic wetting properties following the
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deposition of a hydrophobic modifier. We demonstrate the viability of a simple
anodization rig that facilitates the substitution of differently-sized apertures. This
allows for the more rapid development of new anodization processes by stepping
size from a diameter of 1 cm to 2 cm. The advancing and receding contact angle
increase from 94.2±20/52.6±2* on a smooth surface to 157±2*/52±2' on a
surface anodized in 7.2 wt% phosphoric acid for 3 and 2 hours for the first and
last anodization steps, respectively. Although the high hysteresis indicates poor
rolloff performance, this is due to the fact that the anodization of alloys is
susceptible to defects. Despite the initial shortcomings, the method shows great
promise for the nanotexturing of engineering surfaces on an industrial scale.
In study of macroscale condensation heat transfer, we demonstrated the
ability of the experimental apparatus to discern a distinct difference between
surfaces that exhibit dropwise condensation and those that exhibit filmwise
condensation. The maximum heat flux obtained was 0.141 MW/m 2, with a
maximum condensation heat transfer coefficient of 4710 ± 450 W/m 2 K.
Although this result is promising, the apparatus will need significant
enhancements to obtain data that is in agreement with recent literature. The
effect of non-condensables has yet to be confirmed. By carefully varying the
cooling capacity of the auxiliary condenser, steam can be made to flow across the
test condenser at various velocities. An independence of condensation coefficient
on steam velocity would indicate that the system does not suffer from the effects
of non-condensables. Careful control of coolant flow would benefit the experiment
as well; if the mass flow controller were to adjust the flow at a rate that is
significantly slower than the time constant of the condensation apparatus, then a
continuous AT vs. q" curve could be obtained in a single run without having to
wait for the temperatures and heat flux to stabilize. Careful control of pressure is
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also critical. The feedback controller of the pressure regulator must maintain a
constant pressure, as the saturation temperature and thus heat flux are both a
very strong function of pressure. Also, to investigate the effect of vapor velocity,
it will be necessary to regulate the mass flow through the auxiliary condenser
with an electronically controlled actuator, instead of a manual ball valve as was
used in these experiments. The initial results of this apparatus have
demonstrated its potential, but there is a large amount of work yet to be done.
Summary and Future Work
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